Abstract: It is well known that dipole antennas are suitable for applications in wireless technology, because they are simple to design and have excellent radiation properties. The analysis of series-fed printed strip dipole antennas gets complicated by the presence of dielectric inhomogeneity. In addition, the strip dipoles are closely spaced and connected through transmission lines that are integral part of the antenna. Therefore, an analysis method that takes into account the presence of dielectric substrate and the effect of connecting lines is presented to accurately design these antennas. In this paper, arrays of printed strip dipoles antennas are analyzed based on moment method in the spectral domain. The double-sided configuration has been selected because it offers several practical advantages.
I. INTRODUCTION
Printed dipole antennas are commonly used as radiating elements in wireless communications as they are easy to fabricate, have low cost, and high performance. The antennas are comprised of a number of closely spaced narrow conductive strips printed on electrically thin dielectric substrates. Although the antennas are easy to make and inexpensive, they posses tremendous performance capabilities including high gain, dual polarization, broadband or multi-band operation [1] [2] [3] [4] . In addition when these antennas are fed in series they generally produce endfire radiation making them suitable for use with plane or shaped reflectors, a configuration commonly employed in base stations of wireless communications systems [5] .
Printed dipole radiators have been popular candidates for phased array antennas that contain many elements because of their suitability for integration with microwave integrated circuit modules [6] [7] [8] . These antennas have also been considered for application in far-infrared and millimeter-wave imaging systems [9, 10] .
Although printed strip antennas are intrinsically simple, the presence of the dielectric inhomogeneity presents a significant challenge in finding computationally reasonable CAD tool for designing these antennas.
Single strip dipoles printed on electrically thin, low permittivity substrates behave similarly to ordinary dipoles, and they have often been designed based on experimental trial and error [11, 12] . However, when dipoles of different lengths are closely spaced and/or connected with each other with transmission lines, the radiation characteristics depend on a large number of design parameters. An analysis method that can handle three-dimensional structures containing both dielectric and conducting materials should be used to correctly analyze these antennas. However such an analysis is computationally intensive and it provides no easy way to select optimal design parameters. A more efficient full wave analysis would be to consider dipoles printed on an infinite substrate, and apply a moment method in the spectral domain. Such an approach is used here to analyze strip dipoles printed on a thin ungrounded dielectric substrate. Similar techniques have been employed for the analysis of strip dipoles printed on a grounded dielectric substrate [13] and on a dielectric half-space [10] .
The procedure for analyzing arrays of printed strip dipoles antennas based a moment method in the spectral domain is presented. The dipoles can be connected to each other. Fig. 1 is a schematic drawing of an array of series-fed printed strip dipoles. The antenna consists of several printed strip dipoles of different lengths, with the arms printed on opposite sides of an electrically thin dielectric substrate that are connected through parallel striplines. The parallel stripline consists of two broadside-coupled strips; each section may have different widths, and is characterized its characteristic impedance 0 Z and effective relative permittivity eff ε . The antenna is fed from and the other end is open circuited. In general, some strip dipoles may be parasitically placed and several dipoles can be fed simultaneously. Usually a microstrip-to-parallel stripline transition is used to feed the antenna from a conventional coaxial connector [14] . The double-sided configuration has been selected because it offers several practical advantages such as: when required the line polarity between the strip dipoles can be easily reversed as shown in Fig. 1 , parallel striplines offer low as well as large values of line impedances with practically reasonable conductor widths, and parallel striplines do not radiate since they are closely spaced.
II. ANTENNA CONFIGURATION

III. ANALYSIS MODEL
Analyses of series-fed printed strip dipole antennas are complicated by the presence of the dielectric inhomogeneity. In addition, the strip dipoles are closely spaced and connected through transmission lines that are integral part of the antenna. Since they are printed on finite dielectric substrates, they represent three-dimensional composite structures consisting of conducting and dielectric parts. A space-domain moment method analysis would require solving for the conducting currents on the strips and the polarization currents in the dielectric volume, resulting in a large number of unknowns [15] . To simplify the analysis, it is assumed that the conductive strips are printed on an infinite dielectric substrate and the effect of the connecting line is accounted for separately by using a standard transmission line theory. The approach used to analyze the antennas is described in the following. The strips have dimensions 1 L
) so only the x directed currents are considered. All the strip dipoles that are connected with transmission lines are assumed to be fed by delta gap generators.. The procedure is similar to that used for analysis of microstrip dipoles [13] . The x component of the electric field on the strip side of the dielectric substrate due to strip currents can be expressed as: 
where [ ] Z is the impedance matrix of the antenna with elements given by: 
and * denotes the complex conjugate. The elements of the excitation voltage matrix ] [V are all zero except the elements corresponding to the generator locations.
The impedance matrix elements are obtained through numerical integration. The residues at the Green's function poles are computed with pole singularities extracted before the integration. These poles correspond to the zeros of Eqs. (2) and (3), that correspond to the characteristic equations for the TM and TE surface-wave modes of the ungrounded dielectric substrate [16] . There is always an amount of power coupled into these surface-waves because both the first TM and TE modes have zero cutoff frequencies. As the substrate thickness increases, the power coupled to the first TE surfacewave mode increases rapidly [9] , so strip dipole antennas are efficient only if printed on electrically thin dielectric substrates. Nevertheless, the amount of power coupled to surface-waves can be determined using the described method.
For planar antennas analyzed using the spectral domain approach, a stationary phase method is usually used to obtain the radiation patterns [10, 13] . This method gives convenient and useful results except for points close to the dielectric substrate. In fact, patterns calculated in this way appear to have nulls at the air-dielectric interface since the substrate is assumed to be infinite. In practice, the H-plane patterns of strips printed on electrically thin ungrounded dielectric substrates of finite size show no nulls there. If strips are not printed close to the dielectric edge, the strip currents obtained via Eq. (7) would be accurate even though the dielectric is of infinite size, and accurate radiation patterns are obtained by assuming the strips radiate into free space. In this way the contribution of the polarization currents is not taken into account, but they are negligible for electrically thin dielectric substrates [17] . To include the effect of the connecting line, the complete antenna system is considered as a parallel connection of two l -terminal networks, which can be represented by their admittance matrixes. 3  3  03  2  2  02  2  2  02   2  2  02  2  2  02  1  1  01  1  1   1  1  01  1 ports open circuited, so that the input impedance at the first port can be readily obtained, and hence the performance of the antenna. The equivalent admittance matrix is also used to find the complex voltage of delta gap generators that are used to derive radiation characteristic of the antenna. In general not all printed dipoles have to be connected with transmission lines. Some of them can be made parasitic to form for example Yagi-Uda arrays of printed dipoles. 
ANALYSIS RESULTS
In this section, analysis results for a series-fed array of two printed strip dipoles that operates as a dual-frequency antenna are presented. First, the effect of dielectric substrate on the input impedance of this antenna is shown in Fig.5 The dual-frequency operation characteristics of this antenna can be explained by observing the current distribution on each strip dipole at the two operating frequencies. At the first frequency of operation, (0.9GHz), the first dipole mainly contributes to radiation (see Fig 6-a) , whereas in the second frequency of operation (1.55 GHz), the second dipole mainly contributes to radiation (see Fig 6-b) .
(a) (b) Figure 6 . Calculated current amplitudes on the two strips of dual-frequency antenna.
We also analyzed the effect of the dielectric substrate on the radiation characteristics of series-fed strip dipoles and present a series fed array antenna of six-printed dipoles featuring broadband operation. This simple, easily manufactured antenna is well suited for the base station antennas of public mobile communication systems. Figure 7 shows a schematic diagram of the array antenna and input return loss of this antenna. The calculated radiation patterns at two principal planes at frequencies 1885 MHz, 2040 MHz and 2200 MHz are plotted in Fig. 9 . Small variations on beamwidth of both E-and Hplans can be observed, showing broadband radiation characteristics of these antennas.
CONCLUSION
In this paper we have analyzed arrays of printed strip dipole antennas. The analysis was done based on moment method in the spectral domain. Such an approach is used to analyze strip dipoles printed on a thin ungrounded dielectric substrate. The double-sided configuration was selected because it offers several practical advantages such as: when required the line polarity between the strip dipoles can be easily reversed. To simplify the analysis, it was assumed that the conductive strips are printed on an infinite dielectric substrate and the effect of the connecting line is accounted for separately by using a standard transmission line theory. In this paper we also analyzed the effect of the dielectric substrate on the radiation characteristics of series-fed strip dipoles and present a series fed array antenna of six-printed dipoles featuring broadband operation.
